Exact late time Hawking radiation and the information loss problem 
for evaporating near-extremal black holes 
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In this paper we investigate the effects of gravitational backreaction for the late time Hawking radiation of 
evaporating near-extremal black holes. This problem can be studied within the framework of an effective one- 
loop solvable model on AdS2- We find that the Hawking flux goes down exponentially and it is proportional to 
a parameter which depends on details of the collapsing matter. This result seems to suggest that the information 
of the initial state is not lost and that the boundary of AdS2 acts, at least at late times, as a sort of stretched 
horizon in the Reissner-Nordstrom spacetime. 
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The discovery of black hole radiation ^ has led to a long 
standing debate concerning the suggestion [Q] that the evap- 
oration process implies a loss of quantum coherence. This 
conclusion seems inevitable if one assumes the propagation 
of quantum fields on a fixed classical background. However, 
backreaction effects could change this picture, 't Hooft [[|] 
suggested that for an asymptotic observer the interaction be- 
tween the infalling matter and the outgoing radiation could 
preserve the information of the initial quantum state of the 
collapsing matter through non-local effects. Within this al- 
ternative viewpoint it has also been proposed a principle of 
complementarity which states that the simultaneous 

measurements made by an external observer and those made 
by an infalling observer crossing the horizon are forbidden. 

In this letter we shall analyze the evaporation process of 
a Reissner-Nordstrom black hole near extremality in a way 
which is loosely connected with the principle of complemen- 
tarity. According to it we cannot have a detailed description 
of the physics near the horizon and, simultaneously, far away 
from the black hole. We shall restrict the Einstein-Maxwell 
theory in a region very close to the horizon. If the physical 
configurations to be considered preserve the spherical sym- 
metry and are close to extremality the resulting effective the- 
ory turns out to be equivalent to a solvable two-dimensional 
model. The effective model remains solvable also at the one- 
loop quantum level and it has been studied in where 
we found it natural to describe the evaporation of the black 
hole from the point of view of an infalling observer very close 
to the horizon. In this paper we shall improve our analysis 
and consider the same process as it is seen by an asymptotic 
observer at late retarded times (this is the part of future null 
infinity which can still be described by our 2d model). The 
solution we will get is very different in form from the orig- 



inal one (they indeed describe two very different regions of 
the spacetime), however we will crucially impose that they 
naturally match at one point, i.e. at the end-point of the evap- 
oration where the solution becomes extremal. In contrast with 
the standard picture, the Hawking flux goes down at late times 
and it is not proportional to the total mass of the collapsing 
matter. Instead, we find that it is proportional to a parameter 
which admits an infinite series expansion in Planck constant 
and depends on all the higher order momenta of the classical 
stress-tensor of the incoming matter. At leading order this 
parameter is the total mass. All this seems to suggest that 
the information of the initial state will be then released out to 
future null infinity during the evaporation process. 

We start our analysis presenting the two-dimensional ef- 
fective theory that describes the near-horizon region of the 
Einstein-Maxwell theory around extremality (the mass of the 
extremal hole is mo ~ ql^ 1 , where I 2 = G is Newton's con- 
stant). We refer to [0,^]] (and references therein) for the details 
and for a full description of the methods used in this work . 
The classical action is given by the Jackiw-Teitelboim model 
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(i) 



where the two-dimensional fields gfj and <j> appearing in ([T]) 
are related to the four-dimensional metric by the expression 
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and tq = Iq is the extremal radius. The field / represents a 
spherically symmetric scalar field which propagates freely in 
the region very close to the horizon. 
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To properly account for backreaction effects we have to 
consider the corresponding one-loop effective theory. There- 
fore we have to correct (|lj) by adding the Polyakov-Liouville 
term @ 



(3) 



where we have considered the presence of TV scalar fields to 
have a well-defined theory in the large N limit. Note that the 
Polyakov-Liouville action has a cosmological constant term 
which has been fixed (A 2 = l~ 2 q~ 3 ) to ensure that the ex- 
tremal configuration remains a solution of the quantum the 




ory. In conformal gauge ds 2 = 
of motion derived from (||) are 



-e 2p dx + dx the equations 



2d+d-p + X 2 e 2p = 0, 
d+d-j> + \ 2 4>e 2p = 0, 
0+0-/* = 0, 

- 4d ±P d±4> = t£ ± 
Nh 
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where the chiral functions t±(x ± ), coming from the non- 
locality of the Polyakov-Liouville action, are related with the 
boundary conditions of the theory associated with the corre- 
sponding observers. The equation (Q) is the Liouville equation 
with a negative cosmological constant. It has a unique solu- 
tion up to conformal coordinate transformations. It is very 
convenient to choose the following form of the metric 



ds 2 



2l 2 q 3 dx+dx~ 
(x~ — x + ) 2 



(8) 



which, in turn, is a way to fix the conformal coordinates x^, 
up to Mobius transformations. In these coordinates only the 
t± terms survive in the quantum part of the constraints (0), i.e. 
the semiclassical stress tensor is just 



(T±±) 



Nh 
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t±, 



(9) 



and the relevant information of the solutions is therefore en- 
coded in the field <fi. The crucial point is then to choose the 
suitable functions t±(x ± ). 

If we want to give a description of the evaporation process 
for an infalling observer very close to the horizon, the natural 
boundary conditions are 



t-(x-) = 0, 



(10) 
(11) 



which correspond, see eq. (|9|), to a negative influx of radia- 
tion crossing the apparent horizon and no outgoing flux (this 



is indeed what one gets in the full four dimensional picture in 
fixed background considering the limit close to the horizon). 
Alternatively, one can provide a description of the evaporation 
process from the point of view of an outside observer valid at 
late times. In this region it is perfectly legitimate to choose 
the boundary conditions 



t+(x+) =0, 



"^'^ }' 



(12) 
(13) 



giving a positive outflux of radiation and vanishing incoming 
flux. In eqs. ( pX| ) and ( JT3| ) u and v are to be identified with 
the ingoing and outgoing Eddington-Finkelstein coordinates 
associated with the dynamical Reissner-Nordstrom metric. 
Note that we cannot impose simultaneously ([TT]), dl2| ), oth- 
erwise the only solution is the classical one. Therefore (|To|), 
dll| ) and (|l2]), ( |l3| ) are, in a sense, complementary. 



It is worth to remark that the relations a;" 1 



-(v,H), 



x~ = x~(u,h) cannot be given a priori and can only be de- 
termined once we solve the equations. At extremality x + = v 
and x~ = u, up to Mobius transformations, and we have 
t v = = t u . The conditions ( |l()| ), ( p3] ) imply the follow- 
ing form of the ingoing and outgoing quantum fluxes 



(14) 
(15) 



In the presence of collapsing matter and neglecting the back- 
reaction the ingoing flux (H4b vanishes for an outside observer 
and the outgoing flux gives the standard Hawking radiation 



K uu) 24tt^ 3 ' 
where m is the total mass of the collapsing matter. 



(16) 



From the point of view of the infalling observer the solution 
is the following | 



x — x + 2 



(17) 



where the function F(x + ) satisfies the differential equation 
(here we include a general incoming matter configuration) 



„. Nh ( F" l,F\ > f , , s 
F =247 -^+2^ 2 )-^ + ) 



and serves to relate the x + and v coordinates 



dv 
dx+ 



lq* 
F 



(18) 



(19) 



The metric can also be given in the ingoing Vaidya-type gauge 
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ds 2 
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"(tt^7 — lrh(v))dv + 2dvdx . 
y l 2 q 3 y " 



(20) 



AdS boundary 



where x = 1(f) and rh(v) is the deviation of the mass from 
extremality. The evaporating mass function satisfies the dif- 
ferential equation 



d v m(v) 



Nh 



■m(v)+T^ v (v). 
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The negative incoming quantum flux is given by 

Nh 



24nlq : 



-rh(v) . 



(21) 
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If the incoming classical matter is turned off at some advanced 
time Vf then the evaporating solution approaches asymptot- 
ically the extremal configuration (up to exponentially small 
corrections) 



(23) 
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where (x* t ) represent the end-point coordinates that belong to 
the AdS2 boundary (x^ lt = x^). For v > Vf the evaporating 
mass follows the exponential law 



?( v - v f) 



m(v) — rh(i)f)e 24 " ! « 
and therefore it exactly vanishes in the limit v 



X int)- 



(24) 
oo (i.e. 



In the alternative description of the evaporation process, 
suitable for the outside observer at v — +oo, the solution 
for 6 is 



G(x~) 



x + — X 

where the function G(x~) verifies the differential equation 

Nh 
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(25) 



QUI = 



G" l.G', 2 

V -( — ) 

G 2 K G ! 



(26) 



The most delicate point in finding a solution to the above dif- 
ferential equation is the choice of the correct boundary condi- 
tions. They come from the requirement that the two descrip- 



tions match at the end-point (x~[ n 



which belongs to 



both the near horizon and asymptotic regions considered (see 
the conformal diagram of Fig. 1). It is worth noting, however, 
that once we move away from it the corrections to eq. ( p3[ ) 
will of course be different in the two cases and therefore this 
is in agreement with the principle of complementarity. More- 
over, such a requirement is certainly nonlocal because it im- 
plies that the form of the function G(x~) for x~ < x~ nt (and 
therefore (T/ u ) for finite u) depends on the precise form of 
the solution at the end-point (where (T/ u ) = 0). Imposing 
that (E3h be exactly (E5b for x~ — ► x^ nt we obtain 



G(x7j = = F(x+ t ) , 
G'(xrJ = = F'(xt at ). 



(27) 
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FIG.l. Black hole evaporation and the Complementarity Principle. 
Region A is the description of the evaporation process given by an 
infalling observer. Region B is the one given by an outside ob- 
server. Both descriptions are, in a sense, complementary but agree 
at the end-point x^ t — x^ t (v — > +oo, u — > +oo) 

and the absence of fluxes at the end-point gives 

G"(x. nt ) = -F"(x+ t )<0. (28) 

The relation between the x~ and u coordinates is now given 
by 



du 
dx~ 



lq :i 



G(x~ 



(29) 



where the minus sign is required in order to have a positive 
derivative. So F and G are solutions of the differential equa- 
tions ( |l8| ) and (|6|), which in the region where T$ v — differ 
just for an overall sign in their r.h.s. Moreover, both solu- 
tions have similar boundary conditions, again up to a sign, in 



-G^int) where x J 



Therefore G{x 



is functionally equal to — F(x + ) after exchanging x + with 
x~ . F"{xf nt ) uniquely fixes rh(vj) and so ( |28| ) implies that 
the (positive) Hawking flux is 



i(vf)e 24 " ! <i 3 ' , 



(30) 



where the explicit expression for rh(vf) is given by the formal 
solution to the equation (|T]) 

rh(v f ) = f^(-J£L)» dv x I" 1 dv, 



71=0 



24Trlq 3 



dv n +lT^ v (v n +l) ■ 



(31) 



3 



Similarly to ([l0|) the solution can now be expressed in the out- 
going Vaidya-type form 

/ 2x 2 \ 
ds 2 = - f — - lm{u)\ du 2 - 2dudx . (32) 

It is important to point out the fact that fh(vf) depends on the 
details of the collapsing matter through all the higher-order 
moments of the classical stress tensor. We observe that for 
h — > rh(yf) is the total classical mass of the collapsing 
matter and ( pOj ) recovers the constant thermal value of a static 
near-extremal black hole (|lrj|). So when backreaction effects 
are neglected we loose the information of the initial state. 

We wish to stress that eq. ( f30| ) is the first exact calculation 
of the Hawking radiation flux for RN black holes at late times 
which takes into account consistently backreaction effects to 
all orders in h. Our result is highly nontrivial because two 
different expansions in h are implicit in (DO), one being asso- 

»» (, Vf ) 

ciated to the exponential e 24 " i « 3 ' and the other inside 
rh(vf), see (f3l|). While the first expansion is of no surprise 
because it is nothing but the application of Stefan's law to this 
particular situation, the second, consequence of our (natural) 
choice of boundary conditions for the differential equation 
(^), is completely unexpected on physical grounds. Actu- 
ally this suggests, contrary to the earlier predictions based on 
calculations made in a fixed classical background, that the 
outgoing radiation may contain all the information about the 
initial state already at the one-loop semiclassical level (i.e. 
without recourse to a full quantization of the theory which is 
still lacking). Obviously our results alone are not enough to 
prove this conjecture because just from the parameter rh(vf) 
one cannot reconstruct the whole function T* v (this is the lim- 
itation of our model which, as we have already remarked, can 
give the exact Hawking flux in the RN spacetime only at late 
times). Given our present achievements, however, it is our be- 
lief that the exact (T uu ) for all u will prove to be an extremely 
interesting quantity. Unfortunately the semiclassical version 
of spherically reduced Einstein-Maxwell theory (without the 
near-horizon approximation considered in this paper) is not 
solvable, so such a calculation is a much harder challenge (re- 
cently, the full backreaction problem for an evaporating RN 
black hole has been addressed numerically in [[H]]). Neverthe- 
less we now know that this quantity has to be subjected to the 
'boundary condition' that for late times u — > +00 it has to re- 
duce to eq. (|30|). Therefore the results obtained here cannot be 
confined to the domain of validity of the particular 2d model 
considered, but represent the motivation and the starting point 
for a full four dimensional calculation to be performed in the 
physical world (we are currently working in this direction). 
What is striking is that such an input comes from the simple 



2d model (|3|) and the boundary conditions ( p7| ) and (|28|). 

It is also interesting to remark that the radiation measured 
by an infalling observer and that of an external one at late 
times (u — ► +00) are the same under the interchange of v 
with u (which means a reflection by the curve x + — x~). The 
curve x + = x~, which is nothing but the AdS2 boundary, 
then acts as a sort of stretched horizon [^] in the Reissner- 
Nordstrom spacetime at least at late times when v — ► +00, 
u — ► +00. Since the affine distance (as measured along null 
rays) between the horizon and the boundary is finite, we think 
that such a surface can be exactly located in the physical 
spacetime using null rays. There also are indications that the 
degrees of freedom relevant to account for the Bekenstein- 
Hawking entropy can be located at the AdS2 boundary [Jj/jj], 
This also reinforces the idea that it could have a physical 
meaning in the Reissner-Nordstrom spacetime. 
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